C ardiac fibrosis is defined as an imbalance in extracellular matrix protein turnover. This highly debilitating process results in the alteration of ventricular geometry, which ultimately leads to myocardial dysfunction. 1, 2 It is a severe pathologic manifestation resulting from an injury to the myocardium due to pressure overload, ischemic insult, or metabolic stress. 3 The underlying molecular and morphological correlate of cardiac fibrosis is disruption of myocardial structure via uncontrolled deposition of extracellular matrix proteins, which include collagens and matrix metalloproteinases, in the interstitium and perivascular region of the heart. [4] [5] [6] As a result, myocardial stiffness occurs and alters the mechanics of the heart and impairs the function. It is known that angiotensin II (AngII) and TGFb1 (transforming growth factor b1) induce profibrogenic cascades that include collagens (types I and III) and extracellular matrix deposition in cardiac fibroblasts. 7, 8 Despite the progress delineating the underlying molecular mechanisms of adverse cardiac remodeling, therapies are limited.
Recently, microRNAs (miRNAs) have emerged as a new class of posttranscriptional regulators of various cardiac diseases. A single miRNA may influence several signaling pathways associated with cardiac fibrosis and heart failure. [9] [10] [11] [12] MiRNAs are 22 nucleotides in length and act as a negative or positive regulator of gene expression by inhibiting mRNA translation or promoting mRNA degradation. 13, 14 Contributions of miRNAs in cardiac fibrosis are well documented in either experimentally induced rodents or knockout rodent models using miRNA array analysis. [15] [16] [17] [18] [19] [20] [21] [22] [23] Although microarray technologies are used extensively to identify novel candidates, the procedure cannot provide adequate sequence coverage. This study used next-generation sequencing (NGS) approaches to analyze myocardial miRNAs comprehensively and quantitatively and to detect novel miRNAs in AngII-infused cardiac remodeling and fibrosis. We identified a novel miRNA, miR-1954, that was significantly reduced in AngII-infused mice. The finding led us to formulate a testable hypothesis that deficiency of miR-1954 triggers adverse cardiac remodeling leading to fibrosis.
In this study, we investigated the role of miR-1954 in AngIImediated cardiac remodeling and fibrosis in a mouse model and compared the effect with a miR-1954 transgenic mouse model in vivo. Results indicated that miR-1954 was significantly reduced in AngII-infused mouse heart. Overexpression of precursor miR-1954 in the heart showed significant reduction of cardiac fibrosis in an AngII-infusion setting. A possible target for miR-1954 was THBS1 (thrombospondin 1). Our results suggested that miR-1954 plays a critical role in AngII-induced cardiac fibrosis.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Generation of miR-1954 Transgenic Mice
A murine precursor of miR-1954 was inserted downstream of the cardiac-specific a-MHC (a-myosin heavy chain) promoter ( Figure 1A ). This DNA vector was submitted to Cyagen Biosciences Inc to generate a transgenic mouse model. Routine genotyping was performed by polymerase chain reaction (PCR) with the use of an upper primer from the a-MHC promoter (5-CACATAGAAGCCTAGCCCACAC-3) and a lower primer from the miR-1954 DNA (5-GTAAGCTTCC-TACTCTGATGTTC-3) to amplify a 400-base pair fragment spanning the junction between the a-MHC and miR-1954 DNA. Quantitative and semiquantitative reverse transcription PCR (RT-PCR) were carried out to determine the expression levels of miR-1954 transgenic hearts. Relative fold change of target gene expression was calculated using the 2 ÀDDCT method. U6 (small nuclear RNA 6) was used as a RT-PCR loading control.
Infusion of AngII in Mice and Evaluation of Cardiovascular Parameters
The animal experiments were done at the Department of Medical Physiology, Texas A&M University, Health Science Center (Temple, TX). Animal care and all experimental procedures were conducted with the approval of the institutional animal care and use committee at the Texas A&M Health Science Center and Baylor Scott & White Healthcare. The approved animal protocol number is 2012-29R. For AngII infusion, male c57Bl6/j mice aged 8 to 10 weeks were implanted with Alzet mini-osmotic pumps (Alza Pharmaceutics) containing either normal saline or AngII (1.5 mg/kg per day for 14 days) under sterile conditions, as described previously. 21 Systolic blood pressure was measured in conscious mice by the noninvasive tail-cuff method using the CODA blood pressure system (Kent Scientific), as described previously. 21 The hearts were excised for biochemical, histological, and molecular analysis. Cardiac mass was quantified using the heart weight: tibia length ratio.
RNA Isolation and Quantitative RT-PCR Analysis
To detect mRNA and miRNA from left ventricles and cardiac fibroblasts, total RNA was isolated using the RNEasy Kit and miRNEasy Mini Kit (Qiagen) separately, according to the manufacturer's protocol. Total cDNA was generated with a high-capacity cDNA synthesis kit (Applied Biosystems). The miRNA-specific cDNA was generated with the RT miRNA First Strand Kit from Qiagen. Mouse gene-specific primers were used to perform quantitative RT-PCR (qRT-PCR) for miR-1954: a-MHC, b-MHC, ANP (atrial natriuretic peptide)/NppA (natriuretic peptide A), BNP (brain natriuretic peptide)/NppB (natriurectic peptide B, Col1a1 (collagen type I, a1), Col3a1 (collagen type III, a1), Col4a1 (collagen type IV, a1), CTGF (connective tissue growth factor), FSP-1 (fibroblast activating protein 1), Acta2 (asmooth muscle actin), THBS1, TGFb1, Il6 (interleukin 6), and Atp2a2 (ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2; also known as SERCA2), Bak1 (BCL2 antagonist/killer 1), and Casp3 (caspase 3). The procedure for qRT-PCR was performed as described previously. 24, 25 Western Blot Analysis Myocardial tissues were lysed using RIPA lysis buffer containing protease inhibitors, and Western blotting along with quantification of images were performed, as described previously. 21 The antibodies for THBS1 and GAPDH were purchased from Cell Signaling Technology. The Col1a1 antibody was purchased from Abcam.
Clinical Perspective
What Is New?
• Using next-generation sequencing, we identified a novel microRNA, miR-1954. • This report is the first to demonstrate that deficiency of miR-1954 triggers adverse cardiac remodeling by targeting THBS1 (thrombospondin 1).
What Are the Clinical Implications?
• Our study highlights that overexpression of miR-1954 in the heart is protective under angiotensin II infusion and offers a possible therapeutic benefit in future intervention. • Future studies are warranted to evaluate the effect of miR-1954 knockout mice in cardiac remodeling.
Morphological Examination of Left Ventricle
Masson's trichrome staining and microscopy image analysis in left ventricular sections were performed, as described previously. 21 
Preparation of Neonatal Rat Cardiac Fibroblasts and AngII Stimulation
Primary rat neonatal cardiac fibroblasts were prepared as described. 25 In brief, left ventricles were minced and digested with collagenase type II (Worthington Biochemical Corp). Finally, cells were plated on 6-well plates containing 10% FBS in DMEM and incubated at 37°C with 5% CO 2 . For transfection and stimulation, passages 2 and 3 were used. For AngII stimulation, cells were serum starved overnight and treated with 1-lmol/L AngII for 48 hours.
Transfection with miR-1954 Mimic and Inhibitor
The miRNA mimic and inhibitor of miR-1954 were purchased from Qiagen. We used miRCURY mimic mouse mmu-miR-1954 (YM00471699) and miR-1954 inhibitor (YI04101555). Both mimic and inhibitor of miR-1954 target the sequence ACUGCAGAGUGAGACCCUGUU. Cardiac fibroblasts were transfected with a final concentration of 10 nmol/L for miR-1954 mimic and inhibitor using DharmaFECT Duo Transfection Reagent, according to the manufacturer's instruction (Thermo Scientific).
Reporters Containing THBS1 3 0 Untranslated Region Sequences
The miRNA 3 0 untranslated region (UTR) target expression clone for mouse THBS1 (NM_001313914.1) in pEZX-FR02
Not1
WT 1954/U6 miRNA and the corresponding control vector firefly luciferase and Renilla luciferase were made from GeneCopoeia. Cells (neonatal cardiac fibroblasts) were cotransfected with miR-1954 mimic and inhibitor separately, and luciferase assays were performed as described previously. 21, 25 The firefly luciferase activity was normalized to Renilla luciferase activity for each sample. All experiments were performed at least 3 times.
Statistical Analysis
Data are expressed as meanAESE from 7 to 12 independent mice. Data were analyzed using Prism 7.0 GraphPad software. Once data from the animal experiments passed the Shapiro-Wilk normality test, they were analyzed with 1-way ANOVA. Data form cell experiments were compared by Student t test for 2 groups, and 1-way ANOVA for multiple groups followed by Tukey-Kramer post tests. P<0.05 was considered statistically significant.
Results

MiRNA NGS Analysis in Wild-Type and AngII-Infused Mice
The NGS analysis for miRNA was performed by Exiqon using wild-type (WT) and AngII-treated mice. The differential expression analysis of read counts identified a subset of miRNAs that had present differences in the "tag per million" normalized read counts between the experimental groups. The arrays are based on Sanger miR Base release 20.0 databases. The dysregulated miRNAs are shown in Tables 1 and 2 . We identified 7 predicted miRNA sequences. Prediction is based on counting mapped reads in the vicinity of potential precursor hairpins. Prediction scores and miRNAs were estimated based on structural features of the hairpin. For miRNA prediction, the miRPara software (Exiqon) was used to predict the most probable mature miRNA coding regions from genome scale sequences in a species-specific manner. One of the sequences, UCUCUCA-CUCUGCAUGGUUA, was identified as miR-1954 in TargetScan, RNA22, DIANA, miRBase, miRDB, and miRNA.org databases. The read count data showed that miR-1954 was significantly Comparison of experimental groups S1 (wild-type mouse heart) and S2 (angiotensin IItreated mouse heart). The samples were normalized with the "tags per million" (TPM) method, and the difference between the 2 samples is presented as a TPM difference. 
Generation of miR-1954 Transgenic Mice
A cardiac-specific miR-1954 transgenic mouse was generated using 228 base pairs of pre-miR-1954 and cloned downstream of mouse cardiac a-MHC promoter. The detailed map and restriction digestion profile of the vector are shown in Figure 1A and 1B. A purified Not I (Not I restriction endonuclease from Nocardia otitidiscaviarum) digested fragment was used for pronuclear injection. To determine the effect of AngII in miR-1954 transgenic mice, the expression of mature miR-1954 was measured in the heart ( Figure 1C ). The transgenic mice expressed 2.85AE0.16-fold (P<0.05) mature miR-1954 compared with the WT counterparts ( Figure 1C , bar 3). However, AngII infusion did not show any significant change in miR-1954 expression ( Figure 1C , bar 4). WT mice challenged with AngII reduced miR-1954 expression to 0.76AE0.05 (P<0.05) compared with untreated WT mice ( Figure 1C , bar 2). Together, data indicated that miR-1954 transgenic mice maintain an elevated level of mature miR-1954 in the heart and that AngII treatment did not reduce expression compared with the WT mice.
Cardiac-Specific Overexpression of miR-1954 Rescues AngII-Induced Cardiac Remodeling
We investigated whether overexpression of miR-1954 exerts any protective effect in in vivo conditions. Both WT and miR-1954 transgenic mice were infused with AngII for a period of 2 weeks and then euthanized. Typical heart sizes of WT, AngIIinfused WT, and AngII-miR-1954 groups are shown in Figure 2A . Data in Figure 2B show a significant increase in heart weight:tibia length ratio in AngII-infused WT mice (8.49AE0.44 versus 5.87AE0.21, P<0.001). Untreated miR-1954 did not show any change (5.84AE0.28). However, AngIItreated miR-1954 transgenic mice showed reduced heart weight:tibia length ratio (7.50AE0.25, P<0.05) compared with AngII-infused mice (8.49AE0.44). The data suggest that cardiac overexpression of miR-1954 attenuates AngII-induced cardiac remodeling.
Overexpression of miR-1954 Reduces AngII-Induced Blood Pressure
AngII is a potent stimulus for increasing blood pressure level.
In this study, we determined the influence of overexpression of miR-1954 in controlling blood pressure ( Figure 2C ). The WT mice with AngII infusion for 2 weeks had a significant increase in systolic blood pressure to 152.1AE1.18 mmHg (P<0.001) compared with the control (97.17AE1.14 mm Hg). However, the blood pressure level of AngII-treated miR-1954 transgenic mice reduced significantly to 116.9AE5.36 mmHg (P<0.001) compared with AngII-infused WT mice, thus proving a role for miR-1954 in blood pressure regulation.
Cardiac-Specific Overexpression of miR-1954
Attenuates AngII-Induced Cardiac Hypertrophy Marker Genes
It is known that AngII infusion increases cardiac hypertrophy marker gene expression (eg, NppA, NppB, and b-MHC) and decreases a-MHC. Data showed increased expression of NppA (3.48AE0.58, P=0.0008), NppB (2.58AE0.18, P<0.001), and b-MHC (4.80AE0.92, P<0.001) in AngIItreated mice compared with WT mice (Figure 3 ). Interestingly, data showed significant reduction of NppA ( P<0.05), as demonstrated by Western blotting ( Figure 4D ). Compared with the control group, the AngII-treated mice showed significant cardiac fibrosis, as determined by Masson's trichrome staining ( Figure 4E ). However, miR-1954 transgenic mice treated with AngII showed rare collagen deposition. Data indicate that miR-1954 regulates cardiac fibrosis.
We also checked the expression of additional genes associated with tissue remodeling response ( Figure 5 ). The AngII-treated mice showed significant upregulation of CTGF (2.03AE0.17, P=0.0014), TGFb1 (1.35AE0.08, P= 0.0003), FSP-1 (1.27AE0.14, P<0.05), and Acta2 (1.29AE 0.12, P=0.06) in comparison to the control group. The CTGF expression was significantly attenuated in AngII-treated miR-1954 transgenic mice (1.37AE0.10, P<0.05) compared with WT mice treated with AngII. There was marginal reduction in TGFb1 (1.16AE0.06), FSP-1 (1.00AE0.12), and Acta2 (1.20AE0.12) expression compared with WT mice treated with AngII.
Cardiac-Specific Overexpression of miR-1954 Attenuates AngII-Induced Inflammation and Restored a Ca ++ Regulated Gene
To gain mechanistic insight, mRNA levels of inflammatory cytokine were examined by qRT-PCR in heart tissues. Expression of Il6 was increased in AngII-infused mice to 2.69AE0.42-fold (P=0.0004) compared with untreated WT mice. Conversely, gene expression of Il6 was significantly reduced in AngII-infused miR-1954 mice compared with WT mice treated with AngII (1.31AE0.20-fold, P<0.05; Figure 6A ). In addition, expression of Atp2a2 (SERCA2) was reduced in AngII-treated WT mice to 0.77AE0.05-fold compared with untreated WT mice, whereas AngII-infused miR-1954 mice restored Atp2a2 expression to 0.91AE0.06 (P=0.06; Figure 6B ). Interestingly, our data did not show any changes in apoptotic genes Bak1 and Casp3 (Figure 6C and 6D). The changes are not significant. Data suggest that miR-1954 may have a role in Atp2a2 regulation and inflammation.
Cardiac-Specific Overexpression of miR-1954 Attenuates AngII-Induced THBS1
Bioinformatics databases (TargetScan, miRNA.org, miRBase) showed THBS1 as a potential target for miR-1954 ( Figure 7A ).
We evaluated the THBS1 levels in WT and miR-1954 transgenic mice treated with AngII. Data showed that THBS1 mRNA expression was upregulated to 3.69AE0.47-fold (P=0.0465) compared with untreated WT mice. Conversely, gene expression of THBS1 was significantly reduced in AngII-infused miR-1954 mice compared with WT mice treated with AngII (2.09AE0.42fold, P=0.0465; Figure 7B ). The THBS1 protein level is also significantly reduced in AngII-treated miR-1954 transgenic mice compared with AngII-treated WT mice (1.71AE0.21 versus 3.65AE0.17-fold, P<0.0001; Figure 7C and 7D). Data suggest that THBS1 may be a potential target for miR-1954.
THBS1 Appears to Be a Potential Target for miR-1954
We determined the expression of mature miR-1954 in both cardiac myocytes and fibroblasts. The DCt values from both myocytes and fibroblasts showed no significant differences, but fibroblasts showed slightly more ( Figure 8A) . To corroborate the in vivo data, expression of mature miR-1954 was determined in AngII-stimulated cardiac fibroblasts. Treatment of cardiac fibroblasts with AngII for 48 hours reduced miR-1954 to 0.54AE0.05 (P<0.001; Figure 8B ). THBS1 mRNA expression was increased to 2.67AE0.16-fold (P<0.001) compared with untreated cardiac fibroblasts ( Figure 8C ). Furthermore, the miR-1954 mimic transfection reduced THBS1 expression to 0.68AE0.06-fold, and AngII stimulation slightly increased to 1.37AE0.26-fold (P<0.001) compared with AngII-stimulated cardiac fibroblasts. Cardiac fibroblasts transfected with miR-1954 inhibitor significantly increased THBS1 mRNA expression to 2.68AE0.17-fold (P<0.001), and AngII stimulation further enhanced THBS1 expression to 3.66AE0.22-fold (P<0.0001). To identify putative binding sites of miR-1954 in the 3 0 UTR of THBS1, we used the miRNA target prediction search engine TargetScan 7.1 ( Figure 7A ). Bioinformatics databases like miRNA.org and miRBase further showed that THBS1 is a potential target gene for miR-1954. Based on the analysis, cells were transiently transfected with an empty vector, a THBS1 3 0 -UTR luciferase construct, a THBS1 3 0 -UTR luciferase construct with miR-1954 mimic, and THBS1 3 0 -UTR luciferase construct with a miR-1954 inhibitor. The miR-1954 mimic potently reduced luciferase activity, whereas miR-1954 inhibitor increased luciferase activity ( Figure 8D ). The results indicate that miR-1954 targets 3 0 UTR of THBS1 mRNA.
Together, the data provided evidence that THBS1 is a possible target for miR-1954.
Discussion
Our study demonstrates that miR-1954, a newly identified miRNA, is reduced in AngII-infused mouse hearts and plays a key role in cardiac fibrosis. Using a transgenic approach, the study shows for the first time that cardiac-specific overexpression of pre-miR-1954 is protective under AngII infusion. Overexpression of mature miR-1954 into the heart reduces systolic blood pressure and regulates cardiac remodeling by modulating fibrotic genes and possibly targeting THBS1. Cardiac-specific overexpression of miR-1954 attenuated expression of several fibrotic genes, including collagens, TGFb1, FSP1, Acta2, and CTGF; hypertrophy genes, including ANP, BNP, a-MHC, and b-MHC; inflammatory gene (Il6); calcium-regulated gene Atp2a2 (SERCA2); and THBS1, compared with AngII-infused WT mice. We also elucidated that miR-1954 plays a key role in myofibroblast differentiation by reducing Acta2 level. Overexpression of miR-1954 in cardiac fibroblasts decreases expression of THBS1, and inhibition of miR-1954 increases THBS1 expression. These results underscore that miR-1954 plays an important role in AngII-induced cardiac remodeling and fibrosis. Consequently, miR-1954 may be considered as a therapeutic molecule to treat cardiac fibrosis. Further studies using explanted human tissues are necessary to corroborate our experimental findings.
This study was intended to discover an uncharacterized miRNA in cardiac remodeling using miRNA NGS. The NGS analysis identified 7 uncharacterized miRNAs using miRPara, a support vector machine-based software tool for prediction of miRNA coding regions in genome scale sequences. 26 The miRPara tool identified miR-1954 as a novel miRNA in AngII-induced cardiac remodeling that was significantly reduced compared with the WT mice. We speculate that reduction of miR-1954 under AngII infusion triggered cardiac remodeling. We hypothesized that overexpression of miR-1954 may protect cardiac remodeling in an AngII infusion setting. Results showed that AngII infusion of miR-1954 for 2 weeks significantly reduced cardiac mass, systolic blood pressure, and several hypertrophy and fibrotic genes compared with AngII-infused WT mice. These data indicate, for the first time, that miR-1954 mice are protected under AngII infusion.
Excessive deposition of extracellular matrix proteins is thought to be produced by myofibroblasts. 27 However, downregulation of a miRNA that causes myofibroblast activation-the specialized cardiac fibroblasts formed by irreversible acquisition of expression of Acta2 6 -in fibrosis remains unknown. FSP-1 has been suggested as a fibroblast-specific marker in pressure overload-induced cardiac hypertrophy 28, 29 ; however, the role of miRNA-mediated FSP-1 in AngII-induced cardiac fibrosis is unknown. Our study showed that AngII infusion significantly reduced miR-1954 expression and upregulated Acta2 and FSP-1 expression in the heart compared with untreated WT mice. The study demonstrated that cardiac-specific overexpression of miR-1954 significantly attenuated AngII-induced Acta2a, and FSP-1 expressions indicates that phenotypic conversion of activated cardiac fibroblast is regulated by miR-1954. It is known that excessive deposition of collagens is the primary determinant of fibrotic myocardium 30 and is a highly debilitating process that leads to cardiac dysfunction. Data showed that overexpression of miR-1954 significantly reduced AngII-induced collagens, and CTGF expression indicates its pivotal role in cardiac fibrosis. Mechanistically, data revealed that overexpression of miR-1954 restored the THBS11 level that was upregulated in AngII infusion, suggesting a direct link between THBS1 and miR-1954. Disruption of the THBS1 gene resulted adverse cardiac remodeling in response to pressure overload. 31 It has been reported that in pressure-overloaded heart, THBS1 modulates fibrotic responses by activating TGFb. 32 Our data corroborating that AngII infusion increased THBS1 expression in the heart and are associated with collagen deposition and TGFb1 upregulation during fibrotic remodeling.
Bioinformatic analysis indicated that THBS1 is a target for miR-1954. Therefore, reduction of miR-1954 and upregulation of THBS1 corroborated our findings. AngII-infused miR-1954 transgenic mice rescued the heart from fibrosis by restoring the THBS1 level, indicating a novel mechanism. The data further support in vitro analysis. Cardiac fibroblast transfected with miR-1954 mimic reduced THBS1 mRNA expression, whereas inhibition of miR-1954 increased expression. Our study suggested THBS1 as a target; however, other potential targets cannot be ignored. The ability of a single miRNA to modulate multiple genes and influence several signaling pathways is suggested. 33 Bioinformatic analysis also indicated Col1a1 as another target, and in vivo data indicate that overexpression of miR-1954 significantly reduced Col1a1 mRNA expression and protein levels. The observation is significant, and future studies will investigate the potential association between miR-1954 and the collagen network. The current study is focused primarily on in vivo analysis, and in vitro studies are ongoing. Therefore, further studies are warranted to delineate the detail and mechanism and other possible interactions and are currently under way.
It is evident that AngII is an important mediator in cardiac fibrosis, inflammation, and cardiac dysfunction. 34, 35 AngIIinduced cardiac remodeling is reflected by hypertrophy, fibrosis, and inflammation through numbers of signaling pathways, including TGFb/Smad signaling pathways. 34, 35 Our study showed that AngII-induced Il expression was significantly reduced in miR-1954 transgenic mice, indicating a potential link between inflammation and cardiac fibrosis. Furthermore, data show restoration of TGFb1 expression, corroborating a link between inflammation and TGFb signaling. Together, data suggest that loss of miR-1954 triggers an inflammatory pathway and possibly a key mechanism for the development of cardiac remodeling and fibrosis. Furthermore, data show significant downregulation of the Atp2a2 gene in AngII-infused mice, but miR-1954 transgenic mice are rescued. It is reported that AngII infusion induces Ca ++ release from intracellular calcium store. 36 Atp2a2, a wellcharacterized Ca ++ -activated ATPase that pumps Ca ++ into the sarcoplasmic reticulum lumen, has been shown to be depressed during the myocardial relaxation phase. 37 The 2 critical genes, NCX1 and Atp2a2, play major roles in Ca ++ modulation during systole and diastole. 38 This phenomenon may demonstrate that AngII-stimulated cardiac hypertrophy induced by Ca ++ overload is related to the altered function of Atp2a2. Future studies are warranted for Ca ++ -regulated gene interplay in miR-1954 transgenic mice.
In conclusion, we identified a novel miRNA, miR-1954, which is involved in AngII-induced cardiac remodeling and fibrosis. Our study demonstrated that depletion of miR-1954 in the heart triggers cardiac remodeling and fibrosis. Overexpression of pre-miR-1954 in the heart rescued the heart from fibrosis and provided a protective role in AngIIinfused cardiac remodeling. The study showed that THBS1 appears to be a target gene for miR-1954 in AngII-induced cardiac fibrosis.
